Underpinning all hydrological simulations is an estimate of the catchment area upstream of a point of interest. Locally, the delineation of a catchment and estimation of its area is usually done using fine scale maps and local knowledge, but for large-scale hydrological modelling, particularly continental and global scale modelling, this level of detailed data analysis is not practical. For large-scale hydrological modelling, remotely sensed and hydrologically conditioned river routing networks, such as HYDRO1k and HydroSHEDS, are often used. This study evaluates the accuracy of the accumulated upstream area in each gridpoint given by the networks. This is useful for evaluating the ability of these data sets to delineate catchments of varying scale for use in hydrological models. It is shown that the higher resolution HydroSHEDS data set gives better results than the HYDRO1k data set and that accuracy decreases with decreasing basin scale. In ungauged basins, or where other local catchment area data are not available, the validation made in this study can be used to indicate the likelihood of correctly delineating catchments of different scales using these river routing networks.
INTRODUCTION
Global river routing networks (RRNs) are used at all scales, from routing within the global circulation model land surface schemes, to local scale hydrological models in data poor regions (e.g. Li et al. ; Xie et al. ) . They are frequently used in creating global or continental scale hydrological models (e.g. Arnell ; Widén-Nilsson et al. ) including high-resolution continental scale models which aim to deliver data at all catchment scales (e.g. Donnelly et al. ) . A RRN is a raster data set which includes information on the elevation, flow directions, and links between grid elements. For each gridpoint, the RRN includes the accumulated upstream area or number of accumulated upstream gridpoints. The RRN is created by analysing a digital elevation model (DEM) using the premise that water flows from higher to lower elevations and often refined using information on the locations of known rivers and streams, for example from maps, using the 'stream-burning' method (Maidment ; Wesseling et al. ) . Stream burning is used to enforce known river courses into an elevation surface so that errors in the elevation surface do not affect the known course of these streams. Other conditionings of the elevation surface that can be made include deepening of open water surfaces, weeding of the coastal zone (to avoid a coastal barrier to water flow), moulding of valley courses, sink filling and carving through barriers (e.g.
Lehner et al. ).
Validation of RRNs is often restricted to comparison of the resulting drainage network to vectorised rivers on available digital maps at varying scales, as well as digitised A total of 1,225 stations were downloaded.
• European Water Archive (EWA), a European archive of runoff data and metadata created by the EURO- The gauging station metadata used to verify the RRNs is the station location and the catchment area upstream of the station. Most of the data in these databases come from the regional and national services which collect the data.
The quality of the data therefore varies depending on the data provider. Station locations are requested from the GRDC and the EWA database (Global Runoff Data Centre a, b) in decimal degrees stored at up to 6 decimal places and the reference system used; however, sometimes this location is determined directly from a map of unknown scale or projection, rather than local survey or GPS. The method by which station area is determined also varies and typographic errors also occur in the databases (Looser, personal communication). A procedure to determine which data points are useful in analysis was therefore required.
Plotting the station points at their given locations against the RRNs showed that there were inaccuracies in many of the coordinate sets. The locations of station points were therefore checked to ensure that the coordinates given for the point are located correctly, e.g. on the waterway of interest or correctly located upstream or downstream of a confluence. This was done in the three steps outlined below.
1. To quality check the catchment area given by the databases, the mean annual discharge volume was divided by the given catchment area to give an estimated mean annual precipitation minus evapotranspiration over the catchment. This value was then plotted on a map using a colour scale for each gauging station point. Any points which deviated significantly from those surrounding it were checked manually. The manual check involved checking if the precipitation and evapotranspiration for the location may actually be correct and if not, searching national databases for upstream catchment area. If these verifications could not be made, the points were discarded.
2. The published catchment area was then compared with the accumulated area in the RRN. HydroSHEDS was used for this comparison as it was expected to be more accurate than HYDRO1k. If the discrepancy between the catchment area and the accumulated grid area was larger than an acceptable threshold, the point was preliminarily moved to the grid location that has the smallest difference between this known value and the area given by the flow accumulation grid, within a certain radius that can be set for each point. In this case, 1.5 arcminutes was used. Any corrections made are printed to a separate shapefile for manual check and log.
3. A manual check was made, both of all the stations moved in step 2, but also those for which large discrepancies between the published catchment area and accumulated grid area remained. Therefore, no stations were permanently moved until the relocation could be manually Note that as a result of this procedure, only stations for which a secondary check of the station location could be made remain in the database. It is acknowledged that there may also remain some stations incorrectly located but for which both the published area and the Hydro-SHEDS area are similar but incorrect, however, the number of incorrect truthing points in relation to correct truthing points should be low following these checks.
Following these checks, a database of 1,007 stations remained to validate the accumulated upstream area in the RRNs. Figure 1 shows the geographical distribution of these stations and the distribution of catchment sizes among the stations. Most of the stations are from catchments less than 50,000 km 2 with the majority of the order 500-5,000 km 2 .
In order to assess the accuracy of the upstream area suggested by the RRNs, a geometrical relative error (Equation (1)) comparing the accumulated upstream area in the RRN with the published upstream area was calculated.
For
where A calc ¼ calculated catchment area from the RRN, A pub ¼ published catchment area and E ¼ error. This symmetrical error term gives the same value of the error (with opposite sign) regardless of whether the calculated or the published area is larger. It was chosen over the common relative error because this relative error is limited to -100% for underestimated station areas, but may approach infinity for overestimated areas. On the other hand, it is possible for the RRN to estimate a much smaller area than it should, even where the catchment area is large. These underestimation errors therefore have less correlation to the catchment area, i.e. large underestimation errors still occur for large catchment sizes. These underestimation errors occur less often than overestimation errors (e.g. for HydroSHEDS there were three times as many catchments with overestimated area than underestimated). Figure 4 shows the percentage of stations for which the upstream catchment area could be estimated to within 10% of the published catchment area. The threshold of 10% was chosen to be large enough to allow for errors in the published catchment area or station location but small enough to reflect a minimum accuracy required of hydrological modellers. In this study it can be seen for HydroSHEDS that more than 90% of the catchments >5,000 km 2 could be estimated to within 10% of the published catchment area. The threshold of 10% error in the catchment area was also used by Lehner () for categorising the accuracy of delineated catchments from HydroSHEDS as low. In their catchment delineation of over 7,500 catchments worldwide, they found that only about 84% of the catchments could be delineated within this error threshold. This may be due to including catchments covering a wider range of hydrographic conditions worldwide. Nevertheless, in both these studies there is still some uncertainty regarding the truthing data and this should be taken into account when considering these results.
RESULTS AND DISCUSSION
It can also be seen in Figure 3( The analysis presented here has large significance when a RRN is used to define catchments for which discharge or other variables are to be predicted for ungauged basins (defined here as points for which the upstream drainage basin shape and area is unknown) or for multi-catchment model domains where it may be impractical to check the routing of all points. It is suggested that the validation results presented here may be used to define the uncertainty in correctly defining a basin of a certain scale using a HydroSHEDS or HYDRO1K. For example, from Figure 4 it can be seen that about 65% of catchment areas <500 km 2 could be correctly estimated using HydroSHEDS.
If the validation points used in this study are representative for all of Europe, it may be concluded that there is a 35%
risk that a new catchment of this size could be incorrectly It should also be noted that this study does not evaluate how well a basin is delineated. Even when the calculated upstream area is correct, the actual location of that area may not be. This is easily checked for large basins for which basin delineations are readily available in global databases, but more difficult for small basins (where the errors have been shown to be larger) and in data poor regions where the RRN is taken to be correct. This has implications for distributed hydrological modelling where the correct distribution of landcover, soil types, elevations and precipitation are necessary to correctly simulate hydrological variables.
Finally, it is noted that errors may still remain in gauge location and published upstream catchment area which may affect these results. It is believed that the manual checks made ensure that the larger majority of this metadata is correct and that given the large amount of points against which the RRNs were tested, that the overall results are robust.
CONCLUSIONS
The accuracy of accumulated upstream areas in two widely 
